Electrodeposited Au-Pt alloy nanoparticles supported on ITO-glass substrates have been used as a model catalyst to study the electro-oxidation of methanol (0.5 M) in a KOH (0.5 M) electrolyte. Using cyclic voltammetry, we show that the Au-Pt alloy nanoparticles exhibit a significantly higher catalytic activity than the Pt nanoparticles, while the Au nanoparticles show no catalytic affinity toward electro-oxidation of methanol. The Au-Pt alloy nanoparticles are also found to be catalytically more reactive than bimetallic Au-core Pt-shell and Pt-core Au-shell nanoparticles. We further show that these Au-Pt alloy nanoparticles working in alkaline solution could act as an amperometric sensor for the determination of alcohol concentration. The exceptional performance of this nanoalloy sensor, including its short response time (2 s), relatively large linear range (1-11 mM), low detection limit (0.1 mM), high sensitivity (0.043 mA cm À2 mM À1 ) and long-term stability (over 90 days), are also characterized. The present nanoalloy sensor also has the lowest working potential (0.25 V), making it less prone to an interference effect.
Introduction
The study of methanol electro-oxidation has attracted a lot of attention due to its broad applications in fuel cells. 1, 2 Platinum nanoparticles (NPs) have been traditionally used as an effective catalyst, 3, 4 and it is well established that electro-oxidation of methanol on a Pt surface follows a dual-path mechanism. 5 In particular, methanol can be oxidized directly to CO 2 through a reactive intermediate, or indirectly rst to CO at a relatively low potential and then to CO 2 only at a higher potential. The earlier work has shown that in addition to CO, formic acid and formaldehyde could act as intermediates during electro-oxidation of methanol. 6 One important challenge is the poisoning of Pt catalysts by adsorbed CO-like species. 7 As Au NPs have been reported to be extraordinary catalysts for CO oxidation, 8, 9 which is part of the indirect reaction pathway, this affinity for CO oxidation has created a strong interest in Au-M bimetallic or alloy NPs (where M is, e.g., Pt, [10] [11] [12] Pd, 13 Rh, 14 and Cu 15 ) for methanol electro-oxidation. In fuel cell application, carbon black is oen used as a support for the noble metal electrode. However, the chemisorption of surface oxygen complexes on the high surface area of this type of support could complicate the study of these catalysts, particularly in probing the mechanism of electro-oxidation of methanol at the active sites of the noble metal. In this work, we investigate the methanol electro-oxidation in alkaline medium using Au, Pt and Au-Pt NPs as model catalysts electrodeposited onto ITO-glass substrates (as the support). Such systems offer relatively simple model systems to investigate mechanistically the surface chemistry involved because the ITO-glass support has been found to have no effect on methanol electro-oxidation. We also demonstrate the superior catalytic performance of Au-Pt alloy NPs compared to those of bimetallic Au on Pt and Pt on Au NPs. It is well known that methanol electro-oxidation could occur in acidic (H 2 SO 4 ) medium. We focus our present study on alkaline medium (KOH) because fuel cell performance has been found to be signicantly better in alkaline medium. [16] [17] [18] Monitoring alcohol concentration in a solution with a high sensitivity and a short response time is important in many industries. Electrochemical alcohol sensing is one of the most promising methods due to its simplicity and accuracy. Two types of sensors based on their electrode materials have been widely studied. The enzyme-modied electrode employs either alcohol oxidase 19, 20 or alcohol dehydrogenase, 21, 22 and it is known to be not only expensive but also bio-inactive at room temperature. A non-enzymatic sensor is based on a metal or metal oxide electrode, and there are a number of such electrochemical sensors, all with their advantages and challenges. For example, an Au electrode modied by co-electrodeposited Pt and WO 3 (ref. 23) has a long response time and a short lifetime due to the long-term dissolution of WO 3 . Such a sensor, however, has a very high sensitivity, and its reproducibility and accuracy of electrochemical sensing are comparable to traditional methods such as the near-infrared methods. 24 A RuO 2 -modied Ni electrode 25 and a Ni/Pt/Ti nanostructured thin lm sputtered on an Al 2 O 3 substrate 26 also exhibit a relatively long response time. A CuO-modied copper disc electrode has shown a very poor detection limit, despite its good reproducibility. 27 A Ni-Pt alloy lm electrodeposited on an Au/Al 2 O 3 electrode can work as a sensor with a long stability of over 63 days, but it has a poor detection limit. 28 For alcohol sensors based on an electrodeposited Ni-B thin lm 29 and on PtRuNi ternary alloy NPs electrodeposited on a glassy carbon electrode pre-coated with a multi-walled carbon nanotubes-ionic liquid gel lm, 30 their common disadvantage is the requirement to operate at a high over-potential, as is also needed for all of the aforementioned sensors (0.4-0.65 V). A high over-potential has been found to lead to interference effect and is therefore less desirable in sensor application. While a Pt electrode electrodeposited with a mixed oxide lm of Co-Ni could work at a lower potential (0.27 V), it suffers from an extremely short lifetime of just 3 days. 31 It is well known that Pt is a widely used electro-catalyst for electro-oxidation of alcohol. Here, by introducing Au into Pt in a simple, one-step co-electrodeposition method, we produce Au-Pt alloy NPs on an ITO-glass substrate and demonstrate its superior performance as an alcohol sensor. Linear sweep voltammetry and chronoamperometry are used to characterize the electrochemical behavior of Au-Pt alloy NPs and their catalytic activity in the electro-oxidation of alcohol.
Experimental details
Electrodeposition of Pt NPs, Au NPs, and Au-Pt alloy NPs were performed in a three-electrode cell with a potentio/galvanostat electrochemical workstation (CH Instruments 660A). An ITOglass chip (5 Â 15 mm 2 , 0.7 mm thick, with a sheet resistivity of 4-8 U per square) was used as the working electrode, along with a standard Ag/AgCl reference electrode and a Pt-wire counter electrode. Three deoxygenated aqueous solutions of 1 mM PtCl 4 , 1 mM AuCl 3 , and 1 mM AuCl 3 plus 1 mM PtCl 4 , each along with 0.1 M NaClO 4 used as the supporting electrolyte, were used to prepare Pt NPs, Au NPs, and Au-Pt alloy NPs, respectively. The respective NPs were deposited onto ITO-glass substrates by amperometry at a constant potential of À0.3 V (vs. Ag/AgCl, 3 M KCl) for a selected amount of time. Aer the deposition, the sample was thoroughly rinsed with ltered deionized water (with a resistivity of 18.2 MU cm) and dried under N 2 before further analysis. The surface morphology and crystal structures of the resulting electrodeposits were characterized by eld-emission scanning electron microscopy (SEM) using a LEO FESEM 1530 microscope and glancing-incidence X-ray diffraction (GIXRD) using a PANalytical X'pert Pro MRD diffractometer, respectively. The corresponding chemical-state composition was analyzed by X-ray photoelectron spectroscopy (XPS) using a Thermo-VG Scientic ESCALab 250 Microprobe equipped with a monochromatic Al Ka X-ray source (1486.6 eV). High resolution transmission electron microscopy (HRTEM), using a Zeiss Libra 200 MC microscope, has been used to investigate the structure of the AuPt alloy NPs, which were removed from the ITO-glass substrate by carefully scratching the surface. UV-Visible spectra of NPs on ITO-glass substrates were collected using a Lambda 1050 UV/VIS/NIR spectrometer equipped with an integrating sphere accessory.
The as-electrodeposited Pt NPs, Au NPs, and Au-Pt alloy NPs on ITO-glass substrates were used as the working electrodes in the subsequent electro-oxidation studies conducted with the same electrochemical workstation. We employed cyclic voltammetry to detect the oxidation features of these samples in a deoxygenated solution of 0.5 M KOH with and without 0.5 M methanol. The potential was cycled between À0.8 V and 1.0 V (vs. Ag/AgCl) with a scan rate of 10 mV s À1 . For the alcohol sensing experiments, we employed the Au-Pt alloy NP working electrode and also conducted linear sweep voltammetry between 0 and 0.6 V at the same scan rate (10 mV s À1 ) in a deoxygenated solution of 0.5 M KOH and 6 mM ethanol. Aer selecting the appropriate applied potential, amperometric measurement was performed in a 0.5 M KOH electrolyte at 0.25 V (vs Ag/AgCl), with constant stirring in order to ensure transport of the analyte to the surface of the working electrode. Once the background current became stabilized, a desired amount of alcohol was injected into the solution and the amperometric response current was recorded. Fig. 1a shows that spherical Pt NPs were obtained by a 1 s electrodeposition. These NPs are well dispersed on the ITOsubstrate and they exhibit a narrow size distribution with an average size of 4 nm ( Fig. 1b) . A few sparsely distributed clusters of Pt NPs with an average cluster size of 25 nm are also observed. The XPS spectrum of the Pt 4f region ( Fig. 1c ) reveals the characteristic Pt 4f 7/2 (Pt 4f 5/2 ) peak at 71.3 eV (74.7 eV) for metallic Pt. 32 The weak feature near 78.5 eV corresponds to In 4p of the ITO-glass substrate. For the 1 s Au electrodeposition, very uniformly dispersed spherical NPs ( Fig. 1d ) with a broader size distribution and a larger average size of 18 nm are obtained ( Fig. 1e ). The corresponding Au 4f spectrum ( Fig. 1f ) shows the characteristic Au 4f 7/2 (Au 4f 5/2 ) peak at 84.0 eV (87.7 eV) for metallic Au. 32 For the 1 s electrodeposition carried out in the electrolyte containing both PtCl 4 and AuCl 3 , the morphology of the electrodeposited NPs and their size distribution shown in Fig. 1g and h, respectively, reveal two groups of spherical NPs, one with an average size of 6 nm and the other with an average size of 40 nm. When the electrolyte contains PtCl 4 ( Fig. 1a and g), electrodeposition appears to follow a progressive growth mode. The Pt 4f 7/2 (Pt 4f 5/2 ) feature at 70.8 eV (74.1 eV) for these NPs (Fig. 1i ) is found to be 0.5 eV lower than that for metallic Pt and can be assigned to the Au-Pt alloy. The formation of alloy is also consistent with the Au 4f 7/2 (Au 4f 5/2 ) feature at 83.9 eV (87.6 eV), which is 0.1 eV lower than that for metallic Au. The lower binding energies found for both Au 4f 7/2 and Pt 4f 7/2 features of the Au-Pt alloy NPs, relative to the respective metallic Au and Pt features, are in good agreement with the earlier reports, [33] [34] [35] [36] which is also supported by theoretical calculation using the local density functional method within the initial state approximation. 33 From the atomic ratio of Au to Pt (2.59) estimated from the XPS peak intensities corrected by the respective relative atomic sensitivity factors, we deduce the alloy composition to be Au 72 Pt 28 . By increasing the deposition time to 5 s, a nanocrystalline Au-Pt alloy lm is obtained and XPS analysis reveals the alloy composition to be Au 71 Pt 29 (ESI, Fig. S1 †) . The longer deposition has resulted in an increase in the metal loading, which is shown to be a better sensor as discussed below.
Results and discussion
GIXRD patterns of the as-prepared Pt NPs, Au NPs and Au-Pt alloy NPs are shown in Fig. 2 . Except for the diffraction features due to the ITO-glass substrates, all the other diffraction peaks for Pt NPs and for Au NPs can be assigned to the fcc phases of metallic Pt (JCPDS 04-0802) and of metallic Au (JCPDS 04-0784), respectively. For the Au-Pt alloy NPs, the more prominent (111) peak at 38.92 is located in between the Au(111) feature at 38.19 and the Pt(111) feature at 39.81 , which is consistent with the alloy formation. The corresponding interplanar spacing for the (111) reection of the Au-Pt alloy NPs can be calculated to be 2.312Å according to Bragg's law. The HRTEM image of a typical Au-Pt alloy NP (shown in Fig. S2 , ESI †) indicates that the NP is single-crystalline, with a (111) interplanar spacing of 2.32Å, consistent with our GIXRD result.
The NP-modied ITO-glass electrodes need to be activated by positive potential under either potentiostatic or potentiodynamic conditions. We have activated the electrodes (potentiodynamically) by performing cyclic voltammetric scans of Pt NPs, Au NPs, and Au-Pt alloy NPs on ITO-glass electrodes in a solution of 0.5 M KOH and 0.5 M methanol ( Fig. 3 ). For Pt NPs on the ITO-glass electrode in the methanol-free electrolyte, oxygen evolution occurs at ca. 0.6 V, and the reduction peak at ca. À0.4 V in the backward scan is due to oxygen reduction reaction on the surface of the Pt NPs (Fig. 3b ). In the presence of methanol ( Fig. 3a) , the additional sharp, intense oxidation peak at À0.19 V is attributed to methanol oxidation. The methanol oxidation current is found to be small for the rst scan. Upon subsequent scans, the methanol oxidation potential is shied to À0.22 V and the current increases till maximum catalytic activity is reached. In a separate experiment, we verify that no methanol electro-oxidation feature can be found for the pristine ITO-glass substrate, i.e. without any deposited NPs (ESI, Fig. S3 †) . This clearly illustrates the catalytic activity of the asprepared Pt NPs for electro-oxidation of methanol. For Au NPs (Fig. 3d) , the voltammogram for the methanol-free electrolyte shows a small, broad oxidation peak at 0.8 V and a reduction peak at ca. 0.1 V, which are attributed to, respectively, the formation and reduction of surface gold oxide on the NPs. The more intense reduction peak located near À0.2 V is due to the oxygen reduction reaction. Upon activation, the intensity of the oxidation peak at 0.8 V is increased. In the presence of methanol, the voltammograms are found to be similar to that for the absence of methanol, except for the notably weaker intensities. This similarity indicates that the deposited Au NPs even aer activation is not catalytic for the methanol electrooxidation. As the most inert noble metal, Au possesses very weak chemisorption properties due to the absence of vacancies in its d-bands. Methanol is therefore not chemisorbed onto the Au NPs, making methanol oxidation unlikely. Tang et al. also reported the lack of any activity of Au NPs (with an average size greater than 50 nm) toward methanol oxidation in a 0.5 M methanol/0.5 M KOH solution. 37 However, Liu et al. found that smaller Au NPs (with an average diameter of 1.7 nm) showed a high catalytic activity while larger Au NPs (with a diameter larger than 100 nm) did not. 38 Other earlier studies also reported that Au NPs with diameters of 2 nm, 39 2.5 nm, 40 and 4 nm (ref. 41) were catalytically active in methanol electro-oxidation in an alkaline medium. Au NPs with different sizes therefore have different catalytic properties towards methanol electrooxidation. As Au NPs prepared in the present work are found to be 18 nm in size, the observed lack of activity toward methanol electro-oxidation is therefore consistent with these earlier studies.
In contrast to the Au NPs, no Au oxidation peak is observed in the same solution without methanol for the Au-Pt alloy NPs (Fig. 3f) , which suggests a different form of Au in its alloy state. In a solution containing 0.5 M methanol and 0.5 M KOH, a very intense anodic peak at 0.05 V appears during the forward scan in the rst cycle, which can be assigned to the methanol oxidation (Fig. 3e ). Upon subsequent scans the methanol oxidation potential is shied to 0.17 V and the current increases until the maximum catalytic activity is reached. A smaller methanol oxidation peak at À0.45 V (shown in the inset of Fig. 3e ) was also observed during the backward scan and this phenomenon is not found for metallic Pt NPs, which illustrates the synergistic effect of Au-Pt alloy NPs. The occurrence of methanol electro-oxidation during the backward scan indicates the resistance of the catalysts to CO adsorption, 42 thus validating that the formation of Au-Pt alloy could reduce CO poisoning on the surface of Pt. The intensity of this strong oxidation peak during the forward scan is dependent on the amount of metal NPs present (metal loading) on the ITO-glass substrates. For the supported Pt NPs, quantitative analysis of the Pt content, based on the XPS peak area intensity appropriately normalized by the corresponding relative sensitivity factor, reveals a 6.2% Pt surface concentration. The corresponding surface concentration of the metals (Au + Pt) for the supported Au-Pt alloy NPs is 7.6%. This indicates similar metal loading for the Pt NPs and Au-Pt alloy NPs on the surface of the ITO-glass substrate. Since the maximum current density of methanol electro-oxidation from the Au-Pt alloy NPs (2.63 mA cm À2 ) is over ve times that from Pt NPs (0.47 mA cm À2 ), despite their similar average sizes, this therefore shows the superior methanol oxidation capacity of Au-Pt alloy NPs (Au 72 Pt 28 ) compared to Pt NPs. This is an important result because achieving a higher activity at a lower Pt composition is of particular interest in fuel cell research due to the reduction in the cost of fuel cell catalysts. Tang et al. also investigated the electro-catalytic behavior of methanol in alkaline electrolytes for a series of Au-Pt alloy NPs with different compositions (prepared by electrodeposition onto uorinated tin oxide substrates). 37 No information about metal loading is, however, provided to allow proper comparison of their catalytic behavior. Mott et al. reported that Au-Pt alloy NPs with a substantial Au composition (65-85%) have similar mass activities to metallic Pt NPs for methanol electro-oxidation in the alkaline electrolyte, 43, 44 in contrast to the result in the present work. This difference could be due to post-annealing (at 400-600 C) employed aer their NP preparation, which is generally expected to have a signicant effect on the core and the surface crystallinity of the nanocrystals, and thus their catalytic behavior.
To investigate the general catalytic properties of a bimetallic Au-Pt system, we also prepared, in separate experiments, bimetallic NPs by sequential electrodeposition, i.e., Au NPs were rst electrodeposited at À0.3 V for 1 s in 1 mM AuCl 3 and 0.1 M NaClO 4 solutions (step A), which was then followed by deposition of Pt at À0.3 V for 1 s in a 1 mM PtCl 4 and 0.1 M NaClO 4 solution (step B). The as-prepared sample, denoted as Pt/Au NPs, corresponds to distorted NPs (20 nm in size) uniformly distributed on the ITO-glass substrate (Fig. 4a ). Alternatively, we obtained Pt NPs rst (step B) followed by deposition of Au (step A). Labelled as Au/Pt NPs, this sample corresponds to spherical NPs with average sizes of 4 nm and 15 nm in the size distribution (Fig. 4b ). Both the respective XPS spectra (Fig. 4d) for Pt/ Au NPs and Au/Pt NPs show a Pt 4f 7/2 (4f 5/2 ) feature at 71.2 eV (74.6 eV) and a Au 4f 7/2 (4f 5/2 ) feature at 84.0 eV (87.7 eV), corresponding to metallic Pt and Au, respectively. The absence of any binding energy shi, in contrast to those found for the Au-Pt alloy NPs with Pt 4f 7/2 (4f 5/2 ) at 70.8 eV (74.1 eV) and Au 4f 7/2 (4f 5/2 ) at 83.9 eV (87.6 eV) ( Fig. 1i ), therefore indicates that alloying does not occur for the two sequential electrodepositions. GIXRD patterns of Pt/Au NPs and Au/Pt NPs also show two distinct sets of diffraction patterns corresponding to Au and Pt, which conrms the bimetallic nature and the absence of alloy formation (ESI, Fig. S4 †) . The electro-oxidation of methanol for Pt/Au NPs and Au/Pt NPs are also studied and compared with the Au-Pt alloy NPs (and shown in Fig. 4e ). For Pt/Au NPs, the cyclic voltammogram shows a methanol electro-oxidation peak at À0.18 V with a current density of 0.79 mA cm À2 . The absence of an Au oxidation peak conrms that the subsequent Pt deposition occurred on top of the individual Au NPs, i.e. the formation of Au-core Pt-shell NPs. Yang et al. reported a much better electro-catalytic activity for Au-Pt core-shell NPs than Pt NPs in methanol electro-oxidation reaction. 45 Their observation is consistent with our results for Pt/Au NPs (i.e. with an Au core and a Pt shell), which also show a higher electro-catalytic activity (0.79 mA cm À2 ) than the Pt NPs. For Au/Pt NPs, a methanol oxidation peak at À0.18 V with a current density of 0.66 mA cm À2 and an Au oxidation peak at 0.7 V are observed. This indicates that the subsequent deposition of Au did not completely cover the Pt core. Both bimetallic Pt/Au and Au/Pt systems exhibit much lower current densities than the Au-Pt alloy NPs, indicating lower electro-catalytic activities than the Au-Pt alloy NPs. The corresponding surface concentrations of the metals (Au + Pt) for the bimetallic Pt/Au and Au/Pt systems estimated from their corresponding XPS intensities are 11.7% and 25.6%, respectively, which are larger than those for the supported Au-Pt alloy NPs (7.6%). The activity of Au-Pt alloy NPs toward methanol electro-oxidation should therefore be higher, even given due consideration to the metal loading effect.
We have also measured the UV-Visible spectra of the Au-Pt alloy NPs, Pt/Au NPs, and Au/Pt NPs, along with those for Pt NPs and Au NPs, all on ITO substrates (ESI, Fig. S5a †) . Other than the spectrum for Au NPs on the ITO substrate with an additional weak broad peak at 549 nm (due to the Au surface plasmon), the spectra for all the NPs appear to be very similar to one another and to the blank ITO substrate.
Due to the formation of the Au-Pt alloy, the d-band center of Pt is modied and the resulting changes in the electronic structures could cause the observed high catalytic activity for electro-oxidation of methanol. As Au has been shown to work as a catalyst for CO oxidation, 8, 9 the presence of the Au component reduces the buildup of CO and surface oxides on Pt, therefore diminishing the effect of catalyst poisoning on the Au-Pt surface. This synergistic effect is not present on the surface of just Pt NPs but is clearly operative for Au-Pt alloy NPs, which The aforementioned studies on methanol can be extended to other alcohols. Xie et al. have studied electro-oxidation of various alcohols on Pt electrodes and found that ethanol could be more easily electro-oxidized than methanol. 46 Indeed, ethanol electro-oxidation is important to such promising applications as direct ethanol fuel cells 47 and electrochemical sensing. For the ethanol electro-oxidation on Au-Pt alloy NPs, our results (shown in Fig. S6 , ESI †) indicate that a higher activity can also be obtained for Au-Pt alloy NPs than Au NPs, Pt NPs, and Au-Pt bimetallic NPs prepared by sequential electrodeposition.
To further demonstrate the superior catalytic properties of these Au-Pt alloy NPs, we characterize the efficacy of these Au-Pt alloy NPs as the catalyst material in an alcohol sensor for monitoring ethanol concentration in a solution. The inset in Fig. 5a shows a linear sweep voltammetric curve obtained for Au-Pt alloy NPs in a solution of 6 mM ethanol and 0.5 M KOH. The intense oxidation peak that appeared at 0.25 V corresponds to ethanol oxidation and can therefore be used as a measure of the catalytic activity of Au-Pt alloy NPs to ethanol electrooxidation. In particular, the oxidation current obtained at 0.25 V can be used for determination of the ethanol concentration. The sensor sensitivity is evaluated by performing amperometric experiments at 0.25 V using a Au-Pt alloy NP-modied ITO-glass electrode. The Au-Pt alloy NPs are electrodeposited at À0.3 V for 1 s on the ITO-glass substrate. Eleven replicate injections (100 mL each) of a pre-selected concentration of aqueous ethanol solution are administered to the 0.5 M KOH supporting electrolyte (20 mL) sequentially. Five ethanol concentrations of 0.5, 1.0, 2.0, 4.0 and 6.0 mM are used. The successive addition of a 100 mL ethanol aliquot induces a small rise in the oxidation current, and the resulting current-time proles are plotted in Fig. 5a . When the ethanol concentration is increased, a higher jump in the response current is observed. A clear increase in the response current is found even with the addition of alcohol with a concentration as small as 0.5 mM. For successive addition of alcohol with concentrations of 0.5, 1 and 2 mM to the supporting electrolyte, a steady-state response current can be reached aer just 2 s, which indicates an excellent electrocatalytic response time. For successive addition of 4 mM and 6 mM ethanol, however, a steady-state current cannot be reached. This is because stirring of the solution used in our experiment is not sufficiently powerful to quickly remove the concentration gradient and to expose uniform concentration of alcohol evenly to the electrode surface. The relationship between the response current density and ethanol concentration (Fig. 5b ) is found to be linear for the ethanol concentration range from 1 mM to 11 mM, and the corresponding slope gives a detection sensitivity of 0.043 mA cm À2 mM À1 . The detection limit is found to be 0.1 mM by performing the cyclic voltammetric scan in the alcohol solution including 0.5 M KOH, which gives a signal three times This work the background noise. We also repeat the same sensor evaluation over a period of several months. The Au-Pt alloy NPs electrode retains 95% of its initial activity even aer 3 months, which indicates excellent long-term stability of the sensor at room temperature. For the Au-Pt nanoalloy lm deposited on ITO-glass at À0.3 V for 5 s, the linear sweep voltammetric scan in a solution of 5 mM ethanol and 0.5 M KOH shows that the maximum oxidation current density is three times that obtained with a 1 s deposition time (ESI, Fig. S7 †) . This means increasing the metal loading should produce a better sensor. In comparison with other alcohol sensors based on metal or metal oxide electrodes, the present alcohol sensor therefore exhibits an excellent sensitivity, a shorter response time and a considerably more extended long-term stability ( Table 1) . Furthermore, this Au-Pt nanoalloy sensor can be operated at a low potential of 0.25 V, which will reduce the interference effect arising from oxidizing other species in the analyte solution.
In summary, we have prepared Pt NPs, Au NPs, and Au-Pt alloy NPs by simple electrodeposition onto ITO-glass substrates and we used them as model catalysts to study the electrooxidation of methanol in a 0.5 M KOH supporting electrolyte. While Au NPs exhibit no catalytic property for the electrooxidation of methanol, the Au-Pt alloy NPs show a signicantly higher catalytic activity than pristine Pt NPs, and bimetallic Au/ Pt and Pt/Au NP systems. We further demonstrate that these Au-Pt alloy NPs can be used as a high-performance alcohol sensor for analyzing alcohol concentration in a solution. This nanoalloy sensor shows excellent linearity in the alcohol concentration range of 1-11 mM, a low detection limit of 0.1 mM, and a good detection sensitivity of 0.043 mA cm À2 mM À1 . This sensor can be operated at a low potential of 0.25 V, which is desirable for reducing the interference effect arising from other oxidizing species in the analyte solution. The present sensor also has a very fast response time of 2 s and an extremely long lifetime of up to 3 months at room temperature. Improved control of the size and composition of the Au-Pt alloy NPs are necessary to further optimize the sensor performance.
